Abstract Using resting state (RS) functional magnetic resonance imaging (fMRI) and diffusion tensor imaging (DTI), we identified the predictors of clinical improvement following constraint-induced movement therapy (CIMT) in pediatric patients with chronic hemiplegia.From 14 children with congenital or acquired brain injury and 10 sex-and age-matched healthy controls, brain dual-echo, DTI and RS fMRI sequences were acquired before CIMT. The Quality of Upper Extremities Skills Test and the Gross Motor Function Measure (GMFM) were administered at baseline, at the end of CIMT (10 weeks), and after 6 months. Mean diffusivity and fractional anisotropy (FA) were measured in the lesion responsible for the clinical symptomatology, the affected and unaffected corticospinal tract (CST), motor transcallosal fibers, and uncinate fasciculus (as an internal control). Independent component analysis was used to identify the sensorimotor RS network. The ability of baseline MRI variables to predict clinical changes over time was assessed using multivariate linear models. At baseline, patients had increased mean diffusivity in the symptomatic lesion and decreased FA in the symptomatic lesion, affected corticospinal tract, and motor transcallosal fibers. A reduced RS functional connectivity was found in the bilateral cerebellum, left precentral gyrus, and right secondary sensorimotor cortex. At follow up, Quality of Upper Extremities Skills Test and GMFM scales improved significantly. Baseline average lesion FA predicted clinical improvement at week 10, and baseline functional connectivity of the right secondary sensorimotor cortex and cerebellum predicted GMFM improvement at month 6. DTI and RS fMRI offer promising and objective markers to predict clinical outcomes following CIMT in pediatric patients with congenital or acquired hemiplegia.
Introduction
In children affected by congenital or acquired hemiplegia, several treatments have been developed to improve recovery of function of the upper limb. The majority of these treatments is based on learning of compensatory skills and prevent deformities. Constraint-induced movement therapy (CIMT), a combination of a restraint in the use of the unimpaired limb and an intensive training of the skills of the affected one [1] , has been proposed as a strategy to improve upper limb function of these patients [2] . Considering the economic burden of CIMT and its effect on daily activities of patients' families, there is an urgent need to identify those patients with the highest chances of benefiting from this treatment.
Magnetic resonance imaging (MRI) offers several metrics to quantify the structural and functional abnormalities of the central nervous system in patients with neurologic disorders. Diffusion tensor imaging (DTI) exploits the diffusion properties of water and allows the assessment of the microstructural integrity of white matter (WM) tracts in the brain. Resting-state (RS) functional MRI (fMRI) allows mapping of the function of the brain's large-scale neuronal networks. Different from active fMRI, this task-free approach allows us to draw inferences related to differences between healthy and diseased patients, which are not influenced by task performance.
Previous DTI studies in pediatric patients with brain injury have shown that measures of microstructural damage to the sensorimotor system correlate with the severity of motor dysfunction [3] [4] [5] . Studies that have applied functional imaging techniques, such as fMRI, transcranial magnetic stimulation, and positron emission tomography, have detected an increased activity of the motor areas of the affected hemisphere following CIMT [2, 6] . However, whether these measures are useful in predicting the recovery of motor function or response to rehabilitation has not yet been explored.
In this prospective study, we combined DTI and RS functional connectivity (FC) analysis to quantify abnormalities of the sensorimotor network in pediatric patients with brain injury who underwent CIMT to identify baseline MRI parameters predictive of clinical improvement at the end of treatment and 6 months later.
Methods

Patients
Children with congenital or acquired hemiplegia were recruited from the Scientific Institute "Eugenio Medea", Bosisio Parini, Italy. Patients were eligible for CIMT if they 1) had a diagnosis of acquired brain injuries (ABI) or cerebral palsy (CP) with chronic hemiplegia based on anamnestic, clinical, and neuroimaging data; 2) were aged between 5 and 18 years; 3) had the ability to understand and follow test instructions (total Intelligence Quotient≥60); 4) had the ability to tolerate wearing a removable bivalve cast; and 5) had the ability to initiate movement of the impaired upper limb, regardless of the active range of motion or the degree of synergy and volitional grasp and release.
The eligible children were screened by an experienced investigator who confirmed the diagnosis of hemiplegia, examined active movements and asymmetry of hand function, and assessed interest in study participation. The exclusion criteria were: 1) a diagnosis of severe learning disabilities; 2) behavioral abnormalities; 3) visual or hearing difficulties that would affect function and participation; and 4) a previous restraint therapy, serial casting, treatment with antispastic drugs, or orthopedic surgery of the impaired upper limb within 6 months of study initiation.
Ten right-handed healthy pediatric volunteers with no previous history of neurologic dysfunction and who had normal neurologic examinations were recruited as controls and had a MRI scan performed on them (4 boys, 6 girls; mean age: 11.0 years; range: 8.5-13.7 years).
Ethics Committee Approval
Approval was received from the local ethical standards committee on human experimentation, and written informed consent was obtained from all volunteers participating in the study.
Treatment
CIMT was conducted according to the protocol proposed by Facchin et al. [7] . Children had to wear a restraining, but fairly comfortable, fabric glove with a built-in, stiff plastic volar splint on the unaffected hand, which prevented them from flexing their fingers and from grasping. The thumb was kept in a fixed position, tight against the index finger. The children could, however, use their hand for support or for breaking a fall. The intervention lasted for 10 weeks, 7 days a week. The children were expected to wear the glove for 3 consecutive h/day and, at this time, they were administered the therapeutic training under the supervision of a therapist and/or the parents, without removing the glove. During the treatment period, children also underwent an intensive rehabilitation programme based on unimanual activities involving play sessions and a daily-life activity (e.g., memory card, puzzles, playing with bowls and cards, use of spoon or fork, dust a surface, etc.). These sessions were held 3 times a week at the rehabilitation centre: a trained therapist encouraged patients to perform tasks requiring the unilateral use of the paretic hand. Task goals involved the performance of 1) perceptual motor activities; 2) reaching, grasping, holding, and manipulating; 3) postural and balance activities; and 4) self-care and daily-life activities. These sessions lasted 3 h: during the first part (1.5 h), the therapist interacted with children and prompted them to perform unimanual activities with an appropriate level of difficulty; in the second part, parents were instructed to interact with their own children who were asked to perform unilateral tasks based on playing and daily-life activities. Parents were trained to carry out similar 3-h sessions at home on the other 4 days of the week [8] .
Study Design
All patients underwent neurologic and MRI assessment at baseline (within 3 days of CIMT initiation). Neurologic assessment was repeated at the end of CIMT (week 10, + 3 days maximum) and 6 months after the cessation of CIMT (+ 3 days maximum).
Clinical examination included the Quality of Upper Extremities Skills Test (QUEST) [9] and the Gross Motor Function Measure (GMFM) [10] . QUEST is an internationallyvalidated scale designed to measure treatment outcome in children with upper extremity movement disorders [9] . It explores four domains: dissociated movement, grasp, weight-bearing, and protective extension. The domain score is a summed-item score converted into a standardized percentage, and the total score is the average of domain scores, with higher scores representing a better quality of movement [11] . The GMFM measures the child's overall functional abilities and consists of 88 items, divided into the following sections: 1) lying and rolling; 2) sitting; 3) crawling and kneeling; 4) standing; 5) walking, running, and jumping. Each section contributes to the total GMFM score [10] .
MRI Acquisition
Using a 3.0 Tesla Intera scanner (Philips Medical Systems, Best, the Netherlands), the following sequences of the brain were obtained from each participant at baseline: 1) T2*-weighted single-shot echo-planar imaging (EPI) sequence during RS [repetition time (TR) /echo time (TE)=3000/35 ms, flip angle=90°, field of view (FOV)=240 mm 2 ; matrix= 128×128, slice thickness=4 mm; 200 sets of 30 contiguous axial slices]; 2) dual-echo turbo spin echo (TR/TE=2200/24-120 ms, echo train length=6; flip angle=90º, matrix size= 256×256, FOV=240×180 mm, 44 axial 3-mm-thick slices); and 3) pulsed-gradient spin echo (SE) echo-planar (TE/TR= 58/8775 ms, acquisition matrix size=112×88, FOV=240× 231 mm, 55 contiguous, 2.3-mm-thick axial slices) with sensitivity encoding (SENSE) (acceleration factor=2) and diffusion gradients applied in 35 noncollinear directions. Two optimized b factors were used for acquiring diffusion-weighted images (b 1 =0, b 2 =900 s/mm 2 ). The total acquisition time of RS fMRI was about 10 mins. During scanning, participants were instructed to remain motionless, to close their eyes, and not to think about anything in particular.
Image Analysis
All MRI analyses were performed by a single, experienced observer, unaware to whom the scans belonged. Whenever possible, lesion volumes were measured on dual echo (DE) scans using a local thresholding segmentation technique (Jim 5.0; Xinapse Systems, Aldwincle, UK). Diffusion-weighted images were corrected for distortions caused by eddy currents and for movements; they were then inspected visually, and all volumes corrupted by the presence of excessive motion artifacts were removed from the analysis. After transformation to the Montreal Neurological Institute space the diffusion tensor was estimated, maps of fractional anisotropy (FA) and mean diffusivity (MD) derived, and tractography run for all voxels with an FA value of more than 0.17 (Diffusion Toolkit, www.trackvis.org/dtk). Trackvis software (www.trackvis.org) [12] was used to segment the corticospinal tracts (CST) and the motor transcallosal fibers (mTC) by placing seed and target masks on axial FA and color-coded maps [13] on the basis of a priori anatomic knowledge and previous tractography studies [3, 5, [14] [15] [16] . Using the same approach, the uncinate fasciculus was also segmented to have an internal control tract. In each hemisphere, the CST was reconstructed using as seed mask the cerebral peduncle on the first slice above the decussation of the superior cerebellar peduncle [3, 5, [14] [15] [16] . The target mask was placed on the motor cortex identified at the level of the omega. To increase accuracy of the tractography reconstruction and to standardize the size of the CST, we retained, whenever possible, only fiber tracts passing through a sphere with a diameter of 4 mm placed on the posterior limb of the ipsilateral internal capsule, where it has the largest diameter [3, 5, [14] [15] [16] . mTC fibers, which connect the right and the left primary motor cortices, were reconstructed using as seed and target masks the motor cortices. To standardize the size of this tract, an additional mask (a sphere with a diameter of 3 mm) was placed on its trajectory on the middle sagittal slice of the corpus callosum. The uncinate fasciculus was reconstructed in the nonaffected hemisphere using as seed mask the anterior temporal WM and as the target mask the orbitofrontal WM [3, 5, [14] [15] [16] . Additionally, T2-weighted images were coregistered to the distortion-free b=0 image, and the calculated transformations were applied to the binary masks of detectable lesions. Then, average FA and MD were obtained from each tract and lesions using the Trackvis software.
Analysis of FC of Sensorimotor Resting State Network (RSN)
Before entering the analysis, RS fMRI scans of patients with lesions in the right hemisphere were flipped to have all the affected hemispheres on the left side. Using SPM8, RS fMRI scans were realigned to the first one of each session with a 6-degree rigid-body transformation to correct for minor head movements. None of the participants was excluded from the analysis because of motion, as, in all cases, the maximum cumulative translation was<1.5 mm and the maximum rotation was<0.3 degrees. The mean motion, computed as the root mean square of the 3 translational parameters [17] was 0.66 mm (S.D. = 0.29 mm) in healthy controls and 1.19 mm (S.D. = 0.50 mm) in patients (p=n.s.). Data were then normalized to the SPM8 default EPI template using a standard affine transformation through data subsampling with a resolution of 3×3×4 mm [18] and smoothed using a 3-dimensional 6-mm Gaussian kernel. The goodness of the normalization process was tested in 2 ways. First, we calculated the spatial correlation coefficient between the normalized images and the SPM8 EPI template. Second, we measured the volume of brain voxels of the normalized images lying outside the brain of the EPI template. Both these tests indicated that the normalization worked well on all study participants, with a slight trend for better results in controls than in patients: the average spatial correlation with the template was high in both groups (r=0.98 in healthy volunteers and r=0.97 in patients) and the volume of brain voxels lying outside the EPI template was very low in both groups (78.7 ml in healthy volunteers and 91.5 ml in patients). Linear de-trending and band-pass filtering between 0.01 and 0.08 Hz were performed using REST software (http://resting-fmri.sourceforge.net/). After these preprocessing steps, RS FC was assessed using an independent component analysis (ICA) with GIFT software [18] and following three main steps: 1) data reduction, 2) group ICA, and 3) back reconstruction. First, individual participants' data were reduced to a lower dimensionality by using a 2-stage principal component analysis. Then, RS fMRI data from all participants were concatenated. The independent group components were estimated using the Infomax approach [19] and were used to compute spatial maps and temporal profiles of the individual participant's components (back reconstruction). This latter stage was performed with the new optimized GICA3 algorithm [20] . The number of independent group components, i.e., the median number of independent components (ICs) in our study group determined by the minimum description length criterion, was 40 [18] . The statistical reliability of the IC decomposition was tested by using the ICASSO toolbox [21] , and by running Infomax 10 times with different initial conditions and bootstrapped data sets. To obtain voxel values comparable across participant, individual functional maps were converted to Z-scores before entering group statistics. Visual inspection of the spatial patterns and a frequency analysis of the spectra of the estimated ICs allowed us to remove components clearly related to artifacts. Then, a frequency analysis of the IC time courses was performed to discard components without a high (≥50 %) spectral power at a low frequency (between 0.01 and 0.05 Hz). Finally, the sensorimotor network was selected on group ICA results using spatial correlation against an a priori defined network template [22] , generated using the Wake Forest University (WFU) Pickatlas [23] . The components with the highest square correlation coefficients with this template were selected as networks of interest.
Statistical Analysis
Differences between patients and controls in demographic, clinical, and DTI variables at baseline were assessed using the Mann-Whitney U test. Using SPM8, 1-sample t tests were performed to derive maps of the sensorimotor network for control participants and patients, separately (p<0.05, corrected for family-wise error). Between-group RS FC differences were tested by extracting with MarsBar [24] the average Z-scores of each significant SPM cluster at the 1-sample t test and by comparing these values between groups using the Mann-Whitney U test. To explore the influence of movement artifacts on RS FC findings, the between-group comparison was repeated by including the mean motion as a confounding covariate. Baseline correlations between clinical and MRI variables were assessed using the Spearman rank correlation coefficient. In patients, longitudinal generalized linear models for repeated measures were used to assess changes over time of the functional assessment scales. The ability of baseline MRI variables to predict the clinical outcome was assessed using multivariable linear models with stepwise variables selection using a significance level to entry into the model of 0.10 and a significance level to remain in the model of 0.05. Results were reported as partial R-squared. A p-value<0.05 was considered as significant. All analyses were performed using SAS Release 9.1 (SAS Institute, Cary, NC, USA).
Results
Eighteen children (8 boys, 10 girls, mean age: 10.3 years) with hemiplegia were recruited. All ABI patients were righthanded [25] before injury. Four of them were unable to complete the MRI acquisition and, as a consequence, we report the results from the remaining 14 patients (6 boys, 8 girls, mean age:10.8 years; range: 7-17.6 years), who completed clinical, MRI, and rehabilitative assessment. Nine patients had a right-sided (dominant) and 5 a left-sided (nondominant) impairment. Five children had traumatic brain injury, 5 stroke, 2 vascular malformation, and 2 congenital CP. For patients with ABI, the mean age at injury onset was 8.5 years (range: 6.7-17.5 years) and mean disease duration at study enrolment 0.6 years (range: 0.1-2.2 years). The main clinical and demographic characteristics of the patients at study entry are summarized in Table 1 .
Patients showed a significant improvement at clinical scales following CIMT, with a marked improvement at the end of the treatment and a further amelioration 6 months after termination of therapy (Table 2 ). In particular, 12/14 patients improved at QUEST at week 10 and 10/14 had a further amelioration at month 6, whereas 11/14 patients improved at GMFM at week 10 and 9/14 had a further amelioration at month 6.
Mean lesion T2 lesion volume was 47.3 ml (S.D. = 81.4 ml). The results of diffusion tensor tractography and RS FC analysis in patients and control volunteers are summarized in Table 3 . Compared with healthy controls, patients had a decreased FA in the affected CST and mTC. No differences were found for the healthy CST and uncinate fasciculus. Two independent components (sensorimotor RSN I and sensorimotor RSN II) showed a high square spatial correlations (R 2 =0.33 and 0.21) with the sensorimotor network template. Compared with controls, patients had a significantly reduced FC of the bilateral cerebellar hemispheres (lobules IV, V, and VI), vermis, right secondary sensorimotor cortex (SII), and left precentral gyrus (Table 3 , Fig. 1 ). These results did not change after correction for mean motion.
At baseline, mTC average FA (r=0.64, p=0.02) and right SII FC (r =0.63, p = 0.02) were correlated with GMFM score. An inverse correlation was found between lesion volume and FC of the left precentral gyrus (r=−0.63, p= 0.02) and right cerebellum (r=−0.64, p=0.02).
The results of the multivariable analyses are summarized in Table 4 . A higher baseline average lesion FA was the only predictor of clinical improvement at week 10 measured with QUEST and GMFM. Lower FC of the right SII and right cerebellum at baseline predicted GMFM improvement at month 6. The results of all the previous analyses did not change significantly when excluding the 2 patients with congenital CP (data not shown).
Discussion
In this study, we quantified structural and functional abnormalities of the sensorimotor network to identify potential predictors of response to CIMT in pediatric patients with brain injury. This is of paramount importance for therapeutic decisions and patient management, as well as for the economic burden related to such treatment. Indeed, CIMT has a cost in terms of time and effort not only for the medical therapists involved during the rehabilitation sessions but also for the family, who has to continue the treatment at home. Nevertheless, despite the effort required to complete the CIMT treatment, the absence of relevant adverse effects, and its effectiveness fully legitimize the approach [26, 27] .
Consistent with a few previous studies in pediatric patients with brain injury of different etiologies [8, 28, 29] , CIMT resulted in an improved performance at the functional scales administered. Although such an improvement was more evident at the end of the rehabilitation period, a further amelioration of the affected upper limb function was also detected 6 months after cessation of therapy. This "delayed" effect might be secondary to a relearned use of the affected limb in patients during dailylife activities and is known to occur after CIMT.
The multivariable analyses revealed that baseline intrinsic tissue damage of symptomatic lesions is associated with clinical improvement, as measured by QUEST and GMFM, at the end of the treatment, and that reduced RS FC of the right SII and cerebellum predict additional functional gaining 6 months later.
Owing to its ability to measure microstructural damage beyond the resolution of conventional imaging, several studies have applied DTI to quantify the severity and distribution of central nervous system damage in pediatric patients with congenital or ABI [3] [4] [5] . Similarly to ours, these studies have demonstrated that, when compared with matched healthy controls, these patients have abnormal DTI indexes (decreased FA and increased MD) not only in the symptomatic lesions but also in the corresponding CST [3] [4] [5] . Conversely, the analysis of the contralateral CST gave conflicting results: a few authors found this to be injured [15] , but others did not [3, 5] . The notion that a relative preservation of the structural integrity of the affected hemisphere might be associated with a better clinical outcome is supported by previous correlative studies, which found higher FA values in the affected CST in patients with a better clinical performance [3] [4] [5] . This study demonstrates that measures of lesional damage predict clinical improvement in patients treated with CIMT. Clearly, this has important clinical implications, as it can contribute to select patients who might benefit most from specific rehabilitation programmes. In adult patients with hemiparesis, the volume of the symptomatic lesion was not related to the degree of motor deficits, whereas the extent of lesion intersection with the CST was related to the presence of a residual motor ability [30, 31] . Intrinsic lesion damage was not quantified by previous investigations. Of note, lesional volume and the severity of CST damage were not associated with functional motor improvement following CIMT in 10 Table 2 ).
QUEST=Quality of Upper Extremities Skills Test; GMFM=Gross Motor Function Measure; FA=fractional anisotropy.
adult patients with stroke [31] . This is in agreement with our results, which showed that only average lesion FA was able to predict functional improvement at the end of treatment, while lesion volume and DTI indexes of the affected CST were not. The notion that measuring lesion FA may be a rewarding exercise for predicting clinical outcome and assessing the efficacy of interventions is supported by 2 studies of infants with motor dysfunction in whom baseline FA values of affected areas predicted functional outcome after 2 [32] and 3 [16] years of follow up. An enhancement of the cortical representation of upper limb movement is believed to be among the factors contributing to the efficacy of CIMT [33] . In line with this, previous studies in pediatric patients with hemiparesis due to different causes have shown that CIMT increases task-related brain activations of the motor areas of the lesioned hemisphere [2, 6, 34] .
We assessed baseline functional integrity of the sensorimotor network by applying an RS FC analysis. This strategy enabled us to obtain fMRI results unbiased by task performance and showed that, when compared with matched healthy control participants, children with brain injury experienced a distributed reduction of RS FC of several areas of the sensorimotor network, including the cerebellum, bilaterally; right SII; and left precentral gyrus. The reduced RS FC of the right SII was related to a worse performance at clinical scales. In patients with spastic diplegia, the severity of motor impairment has been associated with a reduction of cortical connectivity of the motor control areas and the degree of CST damage quantified using DTI. This suggests that our findings might be interpreted as a reflection of relatively unspecific phenomena occurring after tissue damage to the motor system [35] . The novel finding of our study is that baseline FC of the right SII and cerebellum predicted clinical improvement at month 6. The notion that an increased recruitment of SII and cerebellum might contribute to recovery after CIMT is in line with the results of previous fMRI studies [36] in adult patients with stroke. Indeed, both these regions are involved in motor learning [37] , which is known to occur during CIMT. A previous active fMRI study in adult patients with stroke [38] showed that an early cerebral reorganization involving SII was likely to be the neuronal substrate of motor recovery. Other studies have also suggested a role of SII in improving motor function in the chronic phase following stroke [39] . Although our results are not comparable with these previous ones owing to the different characteristics of the cohorts studied and methods applied, they confirm the pivotal role of SII in the recovery of motor function after brain damage has occurred.
Our study is not without limitations. First, the study group was relatively small and this did not allow us to perform powered subanalyses according to the location and etiology of lesions, or to define responders/nonresponders at the individual level. Second, the presence of movement artifacts and of extensive brain lesions might affect the results of coregistration and normalization to the standard template. However, an accurate check of the results of coregistration and normalization showed that both these preprocessing steps worked well in our study participants. Moreover, the use of ICA for the analysis of RS data ensures an automatic exclusion of all noise sources, including those related to participants' movements, from the components of interest [40] . Third, owing to ethical considerations, and similarly to the majority of previous studies [8, 28, 29] , we did not monitor a group of untreated patients with similar clinical and imaging characteristics. As a consequence, we cannot differentiate the effect of CIMT from spontaneous recovery following brain injury. Nevertheless, as all our patients were studied in a chronic phase, spontaneous recovery is likely to have had a modest effect, if any, on our findings.
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